For a significant fraction of mRNAs, their expression is regulated by other RNAs, including cis natural antisense transcripts (cis -NATs) that are complementary mRNAs transcribed from opposite strands of DNA at the same genomic locus. The regulatory mechanism of mRNA expression by cis -NATs is unknown, although a few possible explanations have been proposed. To understand this regulatory mechanism, we conducted a large-scale analysis of the currently available data and examined how the overlapping arrangements of cis -NATs affect their expression level. Here, we show that for both human and mouse the expression level of cis -NATs decreases as the length of the overlapping region increases. In particular, the proportions of the highly expressed cis -NATs in all cis -NATs examined were $36 and 47% for human and mouse, respectively, when the overlapping region was ,200 bp. However, both proportions decreased to virtually zero when the overlapping regions were .2000 bp in length. Moreover, the distribution of the expression level of cis -NATs changes according to different types of the overlapping pattern of cis -NATs in the genome. These results are consistent with the transcriptional collision model for the regulatory mechanism of gene expression by cis -NATs.
B
IOLOGICAL processes such as development, metabolism, and response to external stimuli are conducted by the cooperative activities of many genes. To understand a biological process, it is essential to understand the regulatory network of genes composing the biological process. After genome sequences had been determined, attempts to reveal regulatory networks of genes were started (Wyrick and Young 2002; Encode Project Consortium 2004; Carninci et al. 2005; Levine and Davidson 2005) . Regulation of gene expression can be conducted mainly by proteins such as transcription factors. However, it has been found that $20-30% of mammalian transcripts are targets of microRNAs, which bind to complementary mRNAs and inhibit their activation (Krek et al. 2005; Lewis et al. 2005; Stark et al. 2005; Carthew 2006 ). This suggests that the regulation of gene expression by RNAs is more ubiquitous and important than we thought (Mattick 2001 (Mattick , 2004 .
Cis natural antisense transcripts (cis -NATs) are composed of a pair of mRNAs that are transcribed from the opposite strands of DNA at the same genomic locus. The antisense mRNA regulates the expression level of the sense mRNA in a pair. As a result, cis -NATs affect the developmental processes such as neural, eye, and tooth formation (Potter and Branford 1998; Korneev et al. 1999; Alfano et al. 2005; Coudert et al. 2005; Korneev and O'Shea 2005) , and various molecular functions such as X-inactivation, genomic imprinting, DNA methylation, RNA editing, and alternative splicing (Munroe and Lazar 1991; Kumar and Carmichael 1997; Moore et al. 1997; Lee et al. 1999; Tufarelli et al. 2003) .
Although the number of experimentally verified cisNATs was $40, .2000 cis -NATs were predicted in the analyses of the genomic and cDNA sequences in humans and mice (Lehner et al. 2002; Shendure and Church 2002; Kiyosawa et al. 2003; Yelin et al. 2003; Katayama et al. 2005) . Recently, an analysis of a human oligo microarray showed that as much as 60% of surveyed loci on human chromosome 10 were predicted to encode cis -NATs (Cheng et al. 2005) . Other chromosomes were also expected to encode as many cis -NATs. In addition, the presence of cis -NATs has been predicted for other eukaryotes as well as prokaryotes (Wagner and Simons 1994; Vanhee-Brossollet and Vaquero 1998; Makalowska et al. 2005) . These observations implied that the regulation of gene expression by cis -NATs would occur more frequently than previously considered. Regulation of gene expression by RNAs may be evolutionarily advantageous, because it regulates gene expression quickly and saves energy and time in synthesizing proteins. Chen et al. (2005b) showed that cis -NATs were encoded in genes with shorter intron sequences than other mRNAs.
Although a large number of cis -NATs have been predicted from various species, the regulatory mechanisms of gene expression by cis -NATs remain unclear. To understand the regulatory mechanisms, it will be crucial to know the features of cis -NATs that are important in the regulation of gene expression. Thus far, three models have been proposed for the regulation of gene expression by cis -NATs (Lavorgna et al. 2004 ).
The first model asserts that cis -NATs form a double strand through their complementary sequences, which leads to the inhibition of the function of mRNAs, including protein synthesis. In this model, it is expected that cis -NATs are overlapped in at least 6-to 8-bp regions to form stable double strands of RNA (Lai 2002; Lewis et al. 2005 ).
The second model involves epigenetic regulations such as the methylation of promoters and the conversion of the chromosome structure (Wutz et al. 1997; Reik and Walter 2001; Tufarelliet al. 2003) . Through unknown mechanisms, the antisense mRNAs methylate promoters of sense mRNAs and inhibit the transcription of sense mRNAs. In addition, the antisense mRNAs convert the chromosomal structures in which cis -NATs are located and regulate the expression of the sense mRNAs. For the model of epigenetic regulations, the features of cis -NATs that are essential for the regulations are unclear.
The third model is transcriptional collisions. In the transcription of cis -NATs, RNA polymerases bind to the promoters of genes encoding sense and antisense mRNAs and synthesize mRNAs, moving toward the 39-end of the genes. RNA polymerases clash in the overlapping region and inhibit their transcription (Figure 4 ). This model was implied from the analyses of the expression levels of cis -NATs in yeast (Peterson and Myers 1993; Puig et al. 1999; Prescott and Proudfoot 2002) . In the analyses, the expression level of cis -NATs decreased as the length of the overlapping region of the cis -NATs increased. Moreover, the expression level of adjacent transcripts in tandem on the same strand of the yeast genome decreased when the terminator of the upstream transcript was removed. This suggested that RNA polymerases did not stop at the terminator of the upstream transcript and affected the transcription of the downstream transcript. Recently, the collision of Escherichia coli RNA polymerases was observed by atomic force microscopy (Crampton et al. 2006) . This observation showed that RNA polymerases do not pass each other or displace one another, but instead stall against each other.
Here, we report the effects of length and pattern of the overlapping regions of cis -NATs for humans and mice on their expression level. Moreover, human and mouse adjacent transcripts, in a particular position, affect their expression level. These results are consistent with the transcriptional collision model, implying that the regulation of the expression of cis -NATs by transcriptional collisions is common among species.
MATERIALS AND METHODS
Analysis of the expression level of human cis -NATs: To predict cis -NATs from human cDNA sequences, we collected a total of 46,675 human cDNA sequences, which consisted of 39,530 human Ensembl cDNA sequences (February 2006) (Hubbard et al. 2005) , 6501 human Ensembl non-proteincoding sequences (February 2006) , and 644 non-proteincoding sequences in RNAdb (Pang et al. 2005 ) that were mapped to the human genome by BLATsoftware (Kent 2002) . We predicted 8964 cis -NATs, which had an at least 1-bp-long overlapping region, on the basis of their genomic location using in-house Perl scripts. Redundant cis -NATs were merged into the same group when cis -NATs overlapped in an at least 1-bp-long region in the genome. The number of the groups of cis -NATs was 2496. To examine the expression levels of human cis -NATs, we employed 15.5 million NlaIII human serial analysis of gene expression (SAGE) tags (November 2005) of all tissues in the NCBI SAGEmap database (Lash et al. 2000) . Human SAGE tags were searched against a total of 46,675 human cDNA sequences according to the protocol for SAGE (Velculescu et al. 1995) using in-house Perl scripts. When a SAGE tag matched more than one transcript, these transcripts were removed from further analyses. As a result, among the 46,675 human cDNA sequences, 28,009 had unique SAGE tag assignments, and among the 2496 groups of human cis -NATs, 728 groups had unique SAGE tag assignments to all transcripts in each group. Some SAGE tags are supposed to be assigned to overlapping regions of cis -NATs. Although cDNA microarrays cannot distinguish the expression of mRNAs encoded in plus and minus strands of the genome in the same locus, SAGE tags are strand specific. Therefore, even though SAGE tags are produced from the overlapping regions of cis -NATs, the expression levels of sense and antisense mRNAs of cis -NATs can be measured separately.
To examine the expression levels of the human cis -NATs, we compared the expression level of human cis -NATs with that of other human transcripts (i.e., human transcripts excluding cisNATs, pseudogenes, and non-protein-coding mRNAs). We calculated the ratio of the expression level of a human cis -NAT to that of the other human transcripts. However, the expression levels of transcripts are known to be affected by the overall length of the transcripts (Castillo-Davis et al. 2002) . Thus, we compensated the expression level of cis -NATs according to their overall length. The expression level of a human cis -NAT was compared with that of the other human transcripts with almost the same overall length of the cis -NAT. We removed human cis -NATs, pseudogenes, and non-protein-coding mRNAs from human cDNA sequences and selected 2000 human transcripts of which overall length in the genome was close to the overall length of a human cis -NAT in the genome. We calculated the median of the expression levels of the selected 2000 human transcripts (supplemental Figure 1A at http:/ / www.genetics.org/supplemental/). The median of the expression levels of the selected human transcripts was defined as a ratio of 1.0, and then the ratio of the expression level of a cis -NAT was calculated as follows:
where R cis-NAT is ratio of the expression level of a human cis -NAT to that of other human protein-coding transcripts, T cis -NAT is the expression level of a human cis -NAT, and T (all-cis -NAT-pseudo-noncoding) is the median of the expression level of other human transcripts (i.e., human transcripts excluding cis -NATs, pseudogenes, and non-protein-coding mRNAs) with almost the same overall length of the cis -NAT.
Sense mRNAs of cis -NATs are located not only in the plus or the minus strand of the genome, but also in both strands of the genome. Some of the sense mRNAs encode proteins and others encode non-protein-coding mRNAs that may have some biological function such as the regulation of mRNA translation and stability (Mattick and Makunin 2006) . The antisense mRNA in each group of cis -NATs is known to decrease the expression level of the sense mRNA in the group and to inhibit the activation of the sense mRNA (Wagner and Simons 1994; Kumar and Carmichael 1998; VanheeBrossollet and Vaquero 1998) . Therefore, we recognized the cis -NAT with the lowest expression level in each group as the sense mRNA in the group. In this study, we used the expression level of the sense mRNA in each group to examine the expression levels of cis -NATs according to the overlapping arrangements in the genome. However, there is an assumption that under some regulatory mechanisms of cis -NATs, such as RNA masking and a double-stranded RNA-dependent mechanism, the expression level of a sense mRNA may not be the lowest in the group of cis -NATs and an inverse correlation of the expression levels may not be found between a sense and an antisense mRNA (Chen et al. 2005a; Katayama et al. 2005; Lapidot and Pilpel 2006) . Therefore, we also examined the expression level of cis -NATs randomly selected (i.e., selected in a non-expression-level-dependent manner) (see supplemental material at http:/ /www.genetics.org/supplemental/).
We examined the expression levels of cis -NATs as the overlapping regions increased in length. When cis -NATs included more than two transcripts (i.e., sense and antisense transcripts on both strands of the genome), the length of the overlapping region was defined as the distance between the farthest upstream and the farthest downstream genomic locations of the overlapping regions of cis -NATs in a group.
Analysis of the expression level of mouse cis -NATs: To predict the mouse cis -NATs, we collected a total of 35,486 mouse cDNA sequences, which consisted of 33,252 mouse Ensembl cDNA sequences (April 2006), 1752 mouse Ensembl nonprotein-coding sequences (April 2006), and 482 non-proteincoding sequences in RNAdb that were mapped to the mouse genome using BLAT. We predicted 5491 cis -NATs from the mouse cDNA sequences and redundant cis -NATs were merged into the same group. There were 1868 groups of mouse cisNATs. We examined the expression levels of mouse cis -NATs using 3.6 million NlaIII mouse SAGE tags of all tissues in the NCBI SAGEmap database (November 2005) to compare them with the expression levels of human cis -NATs. Among the 35,486 mouse cDNA sequences, 21,982 had unique SAGE tag assignments, and among the 1868 groups of mouse cis -NATs, 704 groups had unique SAGE tag assignments to all transcripts, including alternative forms in each group. We examined the expression levels of mouse cis -NATs in the same way we examined those of humans.
Comparison of cis -NATs of humans and mice at the nucleotide level: To find cis -NATs conserved between humans and mice, we compared 46,675 human cDNA sequences with 35,486 mouse cDNA sequences and vice versa using the allagainst-all FASTA ( Pearson and Lipman 1988) procedure. An expected (E )-value cutoff of 1.0 3 10 À20 was used. We selected the human and mouse cDNA sequences that matched reciprocally with an E-value less than the square root of the lowest E-value as candidates of orthologs. When human cisNATs in both strands of the genome are orthologous to mouse cis -NATs in both strands of the genome, we recognized the cisNATs as conserved between human and mouse.
RESULTS
Length of the overlapping region of human cis -NATs affects their expression level: To predict cis -NATs from human cDNA sequences, we searched 46,675 human cDNA sequences. A total of 8964 cis -NATs were predicted and were clustered into 2496 groups, each of which consisted of sense and antisense transcripts as well as their alternative forms. To examine the expression levels of human cDNA sequences, $15.5 million NlaIII SAGE tags were collected from all the human tissues available in the NCBI SAGEmap database (November 2005) (Lash et al. 2000) and were compared to 46,675 human cDNA sequences. Among the 8964 (2496 groups) cis -NATs, 2038 (728 groups) had unique SAGE tag assignments to all transcripts in each group.
To examine whether the length of overlapping regions in cis -NATs affects their expression level, we investigated the relationship between the expression levels of cis -NATs and the length of the overlapping region in the genome. It should be noted that Castillo-Davis et al. (2002) found that highly expressed transcripts tended to have short introns, implying that the short cis -NATs may be expressed at a higher level than the long cisNATs. To eliminate the effect of the overall length of a transcript on its expression level, we selected nonoverlapping transcripts whose overall lengths in the genome were almost the same as that of a cis -NAT in the genome and then compared the expression level of the cis -NATs with that of the selected transcripts (see materials and methods).
In Figure 1 , the y-axis represents the ratio of the expression level of the human cis -NATs to that of the selected human transcripts. The proportion of highly expressed cis -NATs (ratio .1.0) in all cis -NATs examined was 36% when the overlapping region was between 1 and 200 bp. However, the proportion decreased to virtually zero when the overlapping regions were .2000 Figure 1 .-Distribution of the expression level of human cis -NATs as the overlapping region in the genome increased in length. The x-axis shows the length of the overlapping exon and intron regions of human cis -NATs in the genome. The y-axis shows the ratio of the expression level of a human cis -NAT to the median of the expression levels of human transcripts of which overall lengths in the genome are close to the overall length of the human cis -NAT in the genome. The median of the expression levels of human transcripts is defined as a ratio of 1.0. Because the expression levels of human transcripts are affected by their overall length, we compensated for the expression level of a cis -NAT according to its overall length (see materials and methods).
bp long (chi-square P , 10
À15
). This result suggests that the expression level of cis -NATs decreases as the length of the overlapping region increases. In addition, the expression levels of cis -NATs may be influenced by other factors such as alternative transcripts of cis -NATs, the difference of the expression levels among SAGE tag libraries, GC content bias of SAGE tags (Margulies et al. 2001) , the experimental methods for the analysis of gene expression, the ways of selecting sense mRNAs, the criteria for the length of the overlapping regions, and a set of human cDNA sequences used in this analysis. However, these factors did not change the overall distribution of the expression levels significantly (see supplemental material at http://www.genetics.org/ supplemental/).
Overlapping pattern of human cis -NATs affects their expression level: Cis -NATs are classified into three types on the basis of overlapping patterns in the genome: head to head, tail to tail, and full overlap (Figure 2 ). ''Full overlap'' describes cis -NATs where the sense mRNA entirely overlaps within the antisense mRNA. The numbers of head-to-head, tail-to-tail, and full-overlap types of human cis -NATs were 254, 476, and 1766 groups of which 126, 230, and 356 groups had unique SAGE tag assignments to all transcripts in each group, respectively. To examine whether the overlapping pattern of cis -NATs affects their expression level, we analyzed the expression level of cis -NATs of humans according to the overlapping patterns in the genome. Figure 3 , A-C, shows the expression levels of human cis -NATs in the head-to-head, tail-to-tail, and full-overlap manners, respectively. The highly expressed cis -NATs decreased in quantity as the overlapping region increased in length for all types of cis -NATs. However, highly expressed cis -NATs in head-to-head and full-overlap manners decreased in quantity more than those in a tail-to-tail manner did. When the length of the overlapping region was ,600 bp, 26.7% of cis -NATs in a head-to-head manner showed high expression (ratio .1.0) and 43.4% of cis -NATs in a tail-to-tail manner showed high expression. The proportion of highly expressed cis -NATs in a headto-head manner (26.7%) was 1.6 times smaller than that in a tail-to-tail manner (43.4%) (Mann-Whitney U-test: P , 10 À2 ). Similarly, when the length of the overlapping region was ,600 bp, 24.5% of cis -NATs in a full-overlap manner showed high expression. The proportion of highly expressed cis -NATs in a full-overlap manner (24.5%) was 1.7 times smaller than that in a tail-to-tail manner (43.4%) (Mann-Whitney U-test: P , 10
À3
). Among the 356 cis -NATs in a full-overlap manner, 314 were cis -NATs where a sense transcript overlapped only in the intron regions of the antisense transcript in the genome. The mRNAs that overlapped in the intron regions showed the same feature of expression.
As many as 1450 human transcripts were found to be located within a distance of ,1 kbp in the genome (Adachi and Lieber 2002; Koyanagi et al. 2005) . To examine whether the expression levels of nearby transcripts decreased, we investigated the expression levels of human nearby transcripts. Figure 3D shows the expression levels of nearby transcripts where the 59-end of a transcript is near the 59-end of another transcript in the genome. Here, we call them ''nearby transcripts in a head-to-head manner'' (Figure 2 ). When the distance between the 59-ends of transcripts was , $50 bp, highly expressed transcripts (a ratio .1.0) were not observed (chi-square P , 10
À7
). Figure 3E shows the expression levels of nearby transcripts where the 39-end of a transcript is near the 39-end of another transcript in the genome. Here, we call them ''nearby transcripts in a tail-to-tail manner.'' Contrary to nearby transcripts in a head-to-head manner, the expression levels of nearby transcripts in a tail-to-tail manner did not change, regardless of the distance of the nearby transcripts in the genome (chi-square P ¼ 0.7).
There is a possibility that the length of some human transcripts registered in a database such as the Ensembl database may be shorter than natural transcripts (Makalowska et al. 2005) . Nearby transcripts found in the Ensembl database may, in fact, overlap in the genome, such that the expression levels of such artificial nearby transcripts seemed to decrease. However, almost all nearby transcripts in a head-to-head manner were expressed at a low level when the distance of the transcripts was , $50 bp. Therefore, the decrease in the expression level of nearby transcripts will be a natural phenomenon.
Overlapping arrangements of mouse cis -NATs affect their expression levels: Cis-NATs have been predicted for various species (Wagner and Simons 1994; VanheeBrossollet and Vaquero 1998; Wagner and Flardh 2002; Makalowska et al. 2005) . If the regulatory mechanisms of cis -NATs in gene expression are conserved among species, cis -NATs of another species are expected to show similar effects on their expression levels. To evaluate whether the relationship between the overlapping arrangements and the expression levels of cis -NATs is conserved among species, we examined the expression levels of mouse cis -NATs. Almost the same number of cis -NATs (1771 groups) as that of humans was found in mouse cDNA sequences (Kiyosawa et al. 2003; Yelin et al. 2003) . Mouse cis -NATs were compared to 3.6 million NlaIII mouse SAGE tags in the NCBI SAGEmap database. Although the number of mouse SAGE tags and the number of mouse cis -NATs (705 groups) assigned to unique SAGE tags was smaller than for humans, the distribution of the expression levels of mouse cis -NATs showed the same features as that of humans (supplemental Figure 2A at http://www.genetics.org/ supplemental/): highly expressed (ratio .1.0) cis -NATs decreased in quantity when the overlapping regions in the genome increased in length. The proportion of highly expressed cis -NATs in all cis -NATs examined was 47% when the overlapping region was between 1 and 200 bp, and the proportion decreased virtually to zero when the overlapping regions were .2000 bp long (chisquare P , 10
À15
). For overlapping patterns in the genome, the distribution of the expression levels in mice changed in the same way as in humans (Mann-Whitney U-test: P ¼ 0.52 between human and mouse cis -NATs in a head-to-head manner, P ¼ 0.92 between those in a tail-to-tail manner, and P ¼ 0.17 between those in a full-overlap manner) (supplemental Figure 2 , B-D, at http:/ /www.genetics.org/ Figure 3 .-Distribution of the expression level of human cis -NATs according to overlapping patterns in the genome. The x-axis shows the length of the overlapping exon and intron regions of human cis -NATs in the genome. The y-axis shows the ratio of the expression level of a cis -NAT to the median of the expression levels of human transcripts whose overall lengths in the genome are close to those of the human cis -NAT in the genome. The median of the expression levels of human transcripts is defined as a ratio of 1.0. Because the expression levels of human transcripts are affected by their overall length, we compensated the expression level of a cis -NAT according to its overall length (see materials and methods). (A) cis -NATs in a head-to-head manner, (B) those in a tail-to-tail manner, (C) those in a full-overlap manner, (D) nearby transcripts in a head-to-head manner, and (E) nearby transcripts in a tail-to-tail manner. supplemental/). When the length of the overlapping region was ,600 bp, 27.6% of cis -NATs in a head-to-head manner showed high expression (ratio .1.0) and 44.1% of cis -NATs in a tail-to-tail manner showed high expression. The proportion of highly expressed cis -NATs in a head-to-head manner (27.6%) was 1.6 times smaller than that of those in a tail-to-tail manner (44.1%) (MannWhitney U-test: P , 10 À2 ). Similarly, 25.9% of cis -NATs in a full-overlap manner showed high expression (ratio .1.0) and the proportion of highly expressed cis -NATs in a fulloverlap manner (25.9%) was 1.7 times smaller than that in a tail-to-tail manner (44.1%) (Mann-Whitney U-test: P , 0.05). With nearby transcripts, when the distance between nearby transcripts in a head-to-head manner was , $50 bp, highly expressed transcripts were not observed as found in humans (chi-square P , 10 À5 ) (supplemental Figure 2E at http:/ /www.genetics.org/supplemental/). The expression levels of nearby transcripts in a tail-totail manner did not change, regardless of the distance of the nearby transcripts in the genome (chi-square P ¼ 0.9) (supplemental Figure 2F at http:/ /www.genetics.org/ supplemental/). These results suggest that the expression levels of mouse cis -NATs are affected by the overlapping arrangements in the genome in the same way as those of humans. This implies that the regulatory mechanisms of cis -NATs in gene expression are conserved between humans and mice.
However, there was a possibility that cis -NATs showed a similar distribution of the expression level between humans and mice because most human and mouse cisNATs were orthologous (Liao and Zhang 2006) . To address this possibility, we compared the distribution of the expression levels of cis -NATs that are not conserved between human and mouse. First, we compared human and mouse cDNA sequences by using FASTA (Pearson and Lipman 1988) and found that only 329 groups (11.9%) of human cis -NATs were conserved in mouse cis -NATs, although 34,670 (76.0%) of human cDNA sequences were conserved in mice. Human and mouse cis -NATs were supposed to be highly divergent in terms of cDNA sequences (Veeramachaneni et al. 2004; Makalowska et al. 2005) . We removed the 329 groups of cis -NATs from 2765 groups of human and 1704 groups of mouse cis -NATs, which left 710 groups of human and 605 groups of mouse cis -NATs with SAGE tags assigned to all transcripts in each group. We examined the expression level of the human and mouse cis -NATs according to the length and the pattern of the overlapping region in the genome. They showed almost the same distribution of the expression level as those including cis -NATs conserved between humans and mice (Mann-Whitney U-test: P ¼ 0.22 and P ¼ 0.88 for humans and mice, respectively). These results suggested that the similarity of the distribution of the expression level of human and mouse cis -NATs was not due to the conservation of the cDNA sequences of the cis -NATs. DISCUSSION We found that the expression level of cis -NATs changed according to the overlapping arrangements of cis -NATs in the human and mouse genomes. The expression level of cis -NATs decreased when the overlapping regions increased in length. Moreover, the overlapping pattern of cis -NATs affects their expression level. Nearby transcripts in a particular position decreased their expression levels.
Here, we examined the expression level of cis -NATs using SAGE tags and oligonucleotide arrays in public databases. We obtained the same distribution of the expression level of cis -NATs at least in the same tissue or cell such as fetal brain, embryonic stem cell, and liver (supplemental material and supplemental Figures 3 and 4 at http:/ /www.genetics.org/supplemental/). However, all SAGE libraries and the expression data of oligonucleotide arrays were produced from cells and tissues of humans and mice, not from a single cell. In addition, some cis -NATs may be expressed only in some developmental stages or at a specific time. Therefore, some cisNATs may not be expressed concurrently in the same single cell.
Thus far, three models have been proposed for the regulation of gene expression by cis -NATs. Forming double strands of cis -NATs requires a minimum 6-to 8-bp overlapping region of cis -NATs. We found that the expression level of human and mouse cis -NATs decreased consecutively as the length of the overlapping region increased. However, currently there is no report that this result is brought about by this model. In addition, this model does not intend to explain the change of the expression levels of nearby transcripts. Epigenetic regulations are also considered to be involved in the regulation of cis -NATs in gene expression. However, currently there is no report that by this model the expression level of human and mouse cis -NATs decreases consecutively as the length of the overlapping region increases.
Our results are consistent with the transcriptional collision model that has been proposed following the analyses of adjacent transcripts and cis -NATs in yeast (Puig et al. 1999; Prescott and Proudfoot 2002) and the observation of the collision of RNA polymerases by atomic force microscopy (Crampton et al. 2006) . RNA polymerases bind to the upstream regions of genes and synthesize mRNAs, moving toward the 39-ends of the genes. When opposite genomic strands in the same locus encode complementary mRNAs like cis -NATs, an RNA polymerase bound on a strand of the genome collides with the RNA polymerase bound on the opposite strand during the transcription of both strands of mRNAs (Figure 4 ). This leads to the inhibition of transcription. From this model, the frequency of the collisions of RNA polymerases is expected to increase when the overlapping regions increase in length. Moreover, overlapping patterns in the genome would affect the frequency of the collisions of RNA polymerases. In the case of cis -NATs in a head-to-head manner, the 59-ends of mRNAs are the start position for the transcription of mRNAs. Overlapping at the 59-end would inhibit the initiation of transcription and decrease the expression level of the cis -NATs ( Figure 3A ). Contrary to cis -NATs in a head-to-head manner, overlapping at the 39-end would not decrease the expression level significantly when the overlapping region is short ( Figure 3B ). In the case of cis -NATs in a full-overlap manner, both the 59-and 39-ends of a transcript are overlapped. This would decrease the expression level, even when the length of overlapping regions is short ( Figure 3C ). For nearby transcripts, highly expressed nearby transcripts in a head-to-head manner decreased in quantity when the distance between the nearby transcripts was ,50 bp ( Figure 3D) . However, the level of highly expressed nearby transcripts in a tail-to-tail manner did not decrease ( Figure 3E ). These results would occur if the start or end positions of transcripts were close to each other. In the initiation of transcription, RNA polymerases bind to the start position of transcription of mRNAs and cover the region between 55 bp upstream and 20 bp downstream (À55 to 20) of the start position (Korzheva et al. 2000; Lee and Young 2000; Murakami et al. 2002) . Therefore, these findings suggest that nearby transcripts in a head-to-head manner inhibited the binding of RNA polymerases to the upstream regions of the transcripts, when the distance between the nearby transcripts in a head-to-head manner was ,50 bp. In addition, the model of transcriptional collisions for cis -NATs may explain an observation that experiments of Northern hybridization showed smear bands of mRNAs at the genomic regions where cis -NATs were located (Kiyosawa et al. 2005) . This implies that various lengths of single-stranded mRNAs may be produced by the inhibition of the transcription and unusual movements of RNA polymerases.
Among the 2462 groups of human cis -NATs, 874 groups did not include alternative forms of sense and antisense mRNAs, and among the 874 groups, 542 (62%) groups consisted of cis -NATs where a sense mRNA overlapped only the intron regions of the gene encoding the antisense mRNA in the genome. As shown in Figures  1 and 3 , the expression level of cis -NATs overlapping the intron regions also decreased as the length of the overlapping region increased. As for the regulatory mechanisms of gene expression by cis -NATs overlapping the intron regions, a double-stranded RNA-dependent mechanism would be difficult to use in explaining the decrease of the expression level of the cis -NATs, because they cannot form double strands of mRNAs after transcription and pre-mRNA splicing of mRNAs. Although double strands of mRNAs may be formed before premRNA splicing after transcription, it is unclear whether it occurs. In the meantime, transcriptional collisions reasonably explain that cis -NATs overlapping the intron regions affected the expression of the cis -NATs.
Our observations are consistent with the transcriptional collision model. However, this does not mean that they exclude other regulatory mechanisms from the regulation of cis -NATs in gene expression. In addition to the regulation by general transcription factors in gene expression, cis -NATs employ several regulatory mechanisms, including transcriptional collisions (Lavorgna et al. 2004) . Our findings will be useful for the examination and understanding of the regulatory mechanisms of cis -NATs in gene expression and furthermore will help in elucidating the regulatory network of genes and their evolution.
We are grateful to members of the Laboratory for DNA Data Analysis at the National Institute of Genetics for discussion and comments on the manuscript. This work was supported by a research grant from the Institute for Bioinformatics Research and Development, Japan Science and Technology Agency, and by a grant of the Genome Network Project from the Ministry of Education, Culture, Sports, Science and Technology, Japan. LITERATURE CITED Figure 4 .-Transcriptional collision model When cis -NATs are transcribed by RNA polymerases, RNA polymerases bind to the upstream region of a gene encoding a sense mRNA and synthesize the complementary mRNA, moving to the 39-end of the gene. Similarly, RNA polymerases that are bound to the upstream region of a gene encoding an antisense mRNA move to the 39-end of the gene. Then, RNA polymerases collide with each other in the overlapping region of the genes, thereby inhibiting the transcription.
